Synopsis Neuroecology combines physiological and ecological principles toward understanding behavioral mechanisms and their roles in establishing patterns of organismal abundances and species distributions. This amalgamation of research approaches incorporates the strengths of neuroethology to determine the cellular basis of behavior. It, however, treads where neuroethology does not by establishing critical linkages between neural processes and the population-and community-level consequences of individual behavior. Neuroecology also promotes understanding of nervous systems within a strong environmental context by encouraging use of keystone and foundation species as critical ''ecological models'' for studies of electrically excitable cells. Previous investigations of environmental stress, metabolism, and energy relations have proven the value of a combined cellular biochemical and biophysical approach toward predicting natural patterns of organismal abundances and species distributions. Borrowing from this approach, neuroecology would coalesce neuroscience with population and community ecology to establish how individual behavior functions, and how such behavior acts to determine higher-order biological processes.
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Neuroecology unifies principles from diverse disciplines, scaling from biophysical and molecular properties of nerve and muscle cells to community-wide impacts of trophic interactions. It integrates neuroethological and ecological principles, embodying both the neural basis for behavior and the roles of behavior in establishing patterns of organismal abundances and species' distributions within natural habitats. Time-honored processes, such as keystone predation and top-down trophic cascades, involve complex behavioral interactions among organisms and their concomitant sensory, integrative, and motor underpinnings. From single cells to mammals, sensory processing and higher-order integration act in recognition, communication, and defense. Such processes are not limited to a few species or to a single habitat. Rather, they have profound effects on a wide range of ecological interactions among diverse animals, plants, and microbes. Every living organism detects and responds to environmental stimuli to exploit valuable resources and/or ward off danger. Moreover, molecular mechanisms of sensory transduction and effector response are highly conserved or converged across taxa, suggesting that the neural and behavioral processes identified in one species may apply conceptually, if not explicitly, to other species. Research on neuroecology, therefore, is both expansive and utilitarian.
Many investigations have focused on the physiology of nervous systems, the behavior they precipitate, or the effects of organismal interactions on the structure and function of communities. In contrast, few studies have connected the dots between neurobiological mechanisms of sensory systems and their consequences for ecological interactions. By unifying principles from disciplines spanning several levels of biological organization, the emerging field of neuroecology makes such connections. It encourages investigators to cross, and re-cross, boundaries between traditional disciplines. Synthetic approaches are challenging, but critical for understanding the full ecological impact of nervous systems. Identifying environmentally meaningful stimuli and predicting their effects on native and nonnative species is fundamentally important for developing both basic ecological theory and strategies of conservation management. Thus, a neuroecological approach that links physiology with behavior, ecology, and evolution would fill a lingering void intersecting all four disciplines.
Neuroecology does not take the place of sensory ecology or neuroethology. Rather, it creates bridges that unite such disciplines. Sensory ecology largely concerns how organisms detect and respond to external stimuli within environmental contexts (Dusenbury 1992 ). This research is based on characterizing physical and chemical environmental stimuli and understanding how information carried by these stimuli are encoded by sensory systems. In contrast, neuroecology considers sensory mechanisms, but also includes elucidations of central neural (including learning and memory), neuroendocrine, and other higher-order processes that modulate information in ways that may, or may not, be tied directly to initial sensory inputs. Animal behavioral responses ultimately are amalgamations of complex sensorimotor activities, and often cannot be described or predicted accurately from the purely additive effects of applied, external, environmental stimuli. A neuroecological approach, therefore, casts a broader and more effective net than does sensory ecology toward linking the cellular basis for behavior, integrative organismal processes, and ecological functions.
By comparison, neuroethological research scales from molecular mechanisms to processes operating at the level of an individual organism (Zupanc 2004) . Much has been discovered about basic principles of information processing, sensorimotor coordination, memory, learning, and cognition. The discipline also has promoted comparative research across phylogenic lines to yield insights into proximate mechanisms, ultimate causes, and evolution of behavior. Neuroecology, however, treads where neuroethology has not by establishing critical linkages between sensory stimulus space, neural processes, behavior, and the demographic and community-level consequences of decisions by individuals.
The road connecting population and community ecology, individual behavior, and neuroethology is a two-way street. Much, for example, can be learned by integrating findings at higher and at lower levels of biological organization. Already, numerous species have been identified upon which the pillars of ecological communities are established and organized.
In the past, many of these foundation and keystone species (e.g., sea stars, mussels, barnacles, corals, and sharks) were not amenble to genomic sequencing or accessible to immediate physiological analyses. With outstanding new tools developed in genetics and neurobiology over the past 10-15 years, species, once classified as ''non-models'' for molecular and cellular research, are becoming amenable for study. These newer, synthetic approaches may reveal the mechanistic and comparative principles that underlie behavioral expression. Now is the time for population/community ecologists, behaviorists, and neurobiologists to work together toward linking genes to ecosystems within an integrated framework of neural processing. Molecular biologists and physiologists could gain valuable new insights into the evolution (conservation or divergence between lineages) and diversity of basic biochemical and biophysical processes that drive electrically excitable cells. In turn, population and community ecologists could gain critical knowledge toward predicting behaviorallymediated interactions among individuals of the same, or of different, species that determine demographic and community dynamics.
Since 2007, neuroecology has been highlighted in five major research symposia. These include: Still, such broad syntheses are in their infancy. No single investigation has yet linked molecular neurobiology to systems ecology. Combined findings of investigations on select toxins might have come closest to scaling from molecular mechanisms to community functions. The guanidine alkaloids saxitoxin (STX) and tetrodotoxin (TTX) are rare in nature but have dramatic effects throughout entire trophic webs (Zimmer and Ferrer 2007) . These potent neurotoxins bind to voltage-gated sodium channels on nerve and muscle cells, inhibiting generation of action potentials and thus neuromuscular activity (Céstele and Catterall 2000) . Despite their toxicity, guanidine alkaloids can accumulate in tissues of resistant species and, through trophic interactions, be transferred to apex predators (Brodie and Brodie 1990; Bricelj and Shumway 1998) . In addition to inhibiting neuromuscular function, STX and TTX shape communities through chemosensory-mediated relationships. By stimulating gustatory and olfactory receptor cells, these alkaloids trigger behaviors that determine species assemblages and rates of flow of materials and energy (Yamamori et al. 1988; Kvitek et al. 1991) . Vital contributions of STX and TTX, therefore, are due to their intrinsic abilities to function in multiple ways across trophic levels in a community.
Neuroecological approaches have value even when applied to single cells that lack nervous systems. Because of their receptor-ligand interactions, signal integration, and stimulus-response dynamics, spermatozoa, as well as unicellular organisms such as bacteria and protists, can be viewed as ''swimming neurons.'' Chemical communication among gametes, in particular, is fundamental to sexual reproduction. Signal transduction pathways and second messenger cascades in sperm are akin to systems that operate in chemoreceptor neurons, including human olfactory cells (Spehr et al. 2004 ). The evolutionary histories of sperm availability, as a consequence of mature male population densities and sex ratios, shape basic communication properties and determine the ability of gametes to fuse (Levitan and Ferrell 2006) . Recruitment of new individuals into ecological communities is, to some degree, established by the magnitude of sexual reproductive products (Hughes et al. 2000) . Seminal biotic interactions, such as competition and predation, that structure communities can be decided by the relative densities of individuals (and, hence, by the magnitude of recruitment and of reproductive products) for each interacting species (Samhouri et al. 2009; Skelhorn et al. 2011) .
The goal of this symposium, and the associated set of papers, was to promote a broad synthesis and general theory of neuroecology. Top researchers were assembled to present their ideas on the current stage of research on this topic, their views on what are the most important issues to address in future work, and how to get there. The symposium appealed to scientists in a wide range of disciplines to consider the advantages of a neuroecological approach. For example, neurobiologists were encouraged to work on new model organisms of critical ecological significance-such as keystone and foundation species-and bring to bear the powerful tools of genomics and proteomics to understand variations in genotypes and gene expression as they relate to sensory systems and CNS functions within meaningful environmental contexts. Neuroethologists and behaviorists were likewise encouraged to transcend Tinbergen's four questions and focus more on the consequences of behavior for population dynamics and community structure. Finally, ecologists were encouraged to scale field signaling environments to recreate essential features of natural dynamics in work on behavior, and to consider direct and indirect effects of behaviorally-mediated interactions at multiple levels throughout complex trophic webs.
The symposium consisted of 10 presentations and 7 papers in this issue of Integrative and Comparative Biology. Work presented by the participants of the symposium covered a wide range of taxa (vertebrates, invertebrates, plants, microbes), natural habitats (marine, freshwater, terrestrial; tropical and temperate), behaviors, and sensory modalities.
Three papers focused on the chemical senses. Gabrielle Nevitt of the University of California at Davis presented ''The Neuroecology of Dimethyl Sulfide: A Global Climate Regulator Turned Marine Info-chemical.'' She described the roles of chemicals regulating processes in diverse (tropical to sub-Antarctic) marine communities. Her thesis was that a set of related compounds of diverse functions operate across trophic levels to organize oceanic communities. Nevitt's talk further explored potential impacts of global climatic changes on these signaling systems and by consequence the dynamics and structure of oceanic ecosystems. Jeffrey Riffell of the University of Washington discussed ''The Neuroecology of a Pollinator's Buffet: Olfactory Preferences and Learning in Insect Pollinators.'' This presentation was a case study that used the neuroecological approach in understanding pollinator-plant interactions and how they affect desert communities. Through an examination of the chemical composition of floral odors, how they are processed by peripheral and central olfactory pathways of moths, and the role of learning in modifying neural signals and preferences for odors, Riffell explained how pollination associations can range from specialized to generalized. In ''The Neuroecology of Chemical Defenses,'' Charles Derby and Juan Aggio of Georgia State University reviewed examples of molecules-to-ecosystem approaches as a way of understanding chemical defenses. They discussed the concept of ''keystone molecules,'' using two examples-saxitoxin in marine communities and tetrodotoxin in riparian communities. These authors also talked about ink defenses of marine molluscs, including identifying molecules and their sensory processing and behavioral effects, with discussions on potential roles of diet-acquired ink compounds as molecules of keystone significance.
Two presentations described the value of a neuroecological approach toward understanding processes involving organisms without neurons. Richard Zimmer of the University of California at Los Angeles discussed ''The 'Neuroecology' of Sperm-Egg Interactions,'' demonstrating how synthetic approaches can bridge the gap between molecular biology and fertilization ecology. This author showed the value of using dynamically scaled egg-released attractants to study the interactions of gametes, including how the size and shape of natural attractant plumes can change with the physical and chemical characteristics of the environment. Peter Steinberg of the University of New South Wales examined interactions between bacteria and seaweeds in his paper, ''Integrating the Neuroecology of Bacteria and Eukaryotes.'' He described how bacterial quorum sensing can affect diverse processes including colonization, disease, and ecological succession.
Sensory modalities other than the chemical senses were represented by other contributions. Audition was represented in the paper by Michael Ryan of the University of Texas, ''The Brain as a Source of Selection on the Social Niche: Examples from the Psychophysics of Mate Choice in Túngara Frogs.'' Using acoustic sexual communication systems of tropical frogs as a model, Ryan promoted the view that the brain is both a neural substrate for selection and a source of selection on the animal's social niche. The electric and mechanical senses were treated in Timothy Tricas' (University of Hawaii) presentation, ''Variation, Selection, and Ecological Constraints in the Sensory-Motor Systems of Fishes.'' Tricas reported on morphological, physiological, and behavioral properties of the ampullary electrosense and lateral line of elasmobranch fishes used in detecting prey and mates, for orientating and navigating, and for determining spatial and temporal properties of species distributions. Mechanical senses were the subject of the presentation by Edward Buskey (University of Texas) and colleagues, ''Sensory Perception, Behavioral Adaptations and the Neuroecology of Predator Avoidance in Planktonic Copepods.'' They demonstrated that copepods use mechanoreception to detect hydrodynamic cues from nearby predators, and respond quickly and appropriately to avoid being eaten. These authors also described sensory recognition and escape strategies for copepods of different phylogeny, size, neuronal myelination, and habitat type.
Behaviors that are mediated by multimodal stimulation were the focus of two presentations. Gregory Grether of the University of California at Los Angeles presented ''The Neuroecology of Competitor Recognition.'' This author discussed mechanisms of competitor cue-recognition by animals across a taxonomically diverse spectrum of species, including damselflies, ants, skinks, salamanders, reef fishes, and birds. Jeffrey Leis (Australian Museum) and colleagues presented ''How Nemo Finds Home: the Neuroecology of Marine Larval-fish Dispersal and Population Connectivity.'' Their talk summarized current understanding of the cues available to larval coral reef fishes and how sensory abilities allow these animals to orient toward natal homes. The stimuli included sound, chemicals, celestial visual cues, magnetic fields, and waves.
Ultimately, nervous systems are sculpted by evolution through natural selection. Many ecological interactions among individual organisms are mediated by behavioral processes. The outcomes of these organismal-level encounters have profound consequences for populations and communities. Thus, neuroecology synthesizes neuroethological and ecological principles, embodying both the neural basis for behavior and the role of behavior in establishing the patterns of organisms' abundances and species' distributions within natural habitats. Greater understanding of neuroecological phenomena would be gained through broader interdisciplinary efforts. In this SICB symposium, each presentation provided a unique synthesis that crossed boundaries between traditional disciplines. Collectively, the talks promoted a fusion of ideas and advanced understanding of relationships between causes and effects of behavior, scaling from molecules to communities and ecosystems.
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